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Plus-stranded RNAviruses replicate efficiently in infected hosts producing numerous copies of the viral RNA. One of the long-standing mysteries
in RNA virus replication is the occurrence and possible role of the double-stranded (ds)RNA formed between minus- and plus-strands. Using the
partially purified Cucumber necrosis virus (CNV) replicase from plants and the recombinant RNA-dependent RNA polymerase (RdRp) of Turnip
crinkle virus (TCV), in this paper, we demonstrate that both CNV replicase and the related TCV RdRp can utilize dsRNA templates to produce viral
plus-stranded RNA in vitro. Sequence and structure of the dsRNA around the plus-strand initiation site had a significant effect on initiation,
suggesting that initiation on dsRNA templates is a rate-limiting step. In contrast, the CNV replicase could efficiently synthesize plus-strand RNA on
partial dsRNAs that had the plus-strand initiation promoter “exposed”, suggesting that the polymerase activity of CNV replicase is strong enough to
unwind extended dsRNA regions in the template during RNA synthesis. Based on the in vitro data, we propose that dsRNA forms might have
functional roles during tombus- and carmovirus replication and the AU-rich nature of the terminus could be important for opening the dsRNA
structure around the plus-strand initiation promoter for tombus- and carmoviruses and possibly many other positive-strand RNA viruses.
© 2006 Elsevier Inc. All rights reserved.Keywords: Replication; dsRNA; Cucumber necrosis virus; Turnip crinckle virus; RdRp assay; Plus-strand initiationIntroduction
Replication of plus-strand RNA viruses is mediated by a
virus-specific replicase complex (RC) (Buck, 1996). First, the
replicase synthesizes full-length complementary (minus-strand)
replication intermediates on the original plus-strand templates.
Second, the minus-strand RNA intermediates then serve as
templates for the production of the full-length plus-stranded
progeny RNA. The RNA synthesis is asymmetrical leading to
the generation of more abundant plus-strand progeny over the
minus-stranded RNA. The level of RNA synthesis and the
extent of asymmetry are affected by several cis-acting
regulatory elements, such as promoters, replication enhancers
and replication silencers present in the plus- or minus-stranded
RNAs (Buck, 1996; Dreher, 1999; Kao et al., 2001; Panavas
and Nagy, 2003a; Pogany et al., 2003; Ranjith-Kumar et al.,
2003; Ray and White, 2003; White and Nagy, 2004; Zhang et⁎ Corresponding author. Fax: +1 859 323 1961.
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doi:10.1016/j.virol.2006.04.033al., 2004). The aforementioned cis-acting elements are
recognized by the viral RC, viral replication proteins or host
proteins (Ahlquist et al., 2003; Buck, 1996; Nagy and Pogany,
2006). Interestingly, many of the best-characterized cis-acting
elements affect RNA synthesis via regulating the initiation step
(Kao et al., 2001; White and Nagy, 2004). Additional cis-acting
elements are involved in template selection/recruitment for
replication (Pogany et al., 2005; Sullivan and Ahlquist, 1999).
Altogether, the current picture is that intricate and complex
interactions between the viral RNA template and the viral
replicase affect most steps during RNA synthesis.
The cis-acting elements regulating viral RNA synthesis is
well characterized for a small number of RNA viruses (Buck,
1996; Dreher, 1999; Kao et al., 2001). Among these viruses are
tombusviruses with small monopartite genomes that infect
plants (Nagy and Pogany, 2006; Russo et al., 1994; White and
Nagy, 2004). A useful feature of tombusviruses is the presence
of small parasitic RNAs, termed defective interfering (DI)
RNAs, which are derived from the genomic RNAs via multiple
deletions (White and Morris, 1994). These DI RNAs are
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cation elements (White and Nagy, 2004). Partially-purified
replicase complex from plants infected with either Cucumber
necrosis virus (CNV) or Tomato bushy stunt virus (TBSV), two
closely related viruses, has been used in vitro to define theFig. 1. The CNV replicase can use dsRNA as a template in vitro. (A) A
schematic presentation of a typical tombusvirus genome (TBSV) and a
prototypical DI RNA (DI-72). The four noncontiguous regions that are present
in the DI-72 RNA are indicated with gray boxes. The minimal minus-strand
initiation promoter (gPR, located at the 3′ terminus of plus-strands) and the
minimal plus-strand initiation promoter (termed cPR), which is located at the 3′
end of RI(−), are shown as triangles. The actual sequence of cPR is shown at the
bottom in 3′- to 5′-orientation. (B) Schematic representation of the 621 nt long
DI-72 template used as either free plus- or minus-stranded RNAs or annealed
double-stranded RNA. (C) In vitro CNV replicase assay programmed with the
shown templates. The RNA templates were used in equal molar amounts in the
in vitro assays. The synthesized 32P-labeled RNA products of the in vitro CNV
replicase reaction were separated on denaturing gels. Quantification was done
with a PhosphorImager. The de novo generated, template-sized product, termed
“ti”, is indicated with an arrow, whereas the internal initiation products, termed
“ii”, are bracketed. Products “pes” and “pef” are the results of primer extension
(3′ terminal self-priming). These products have been characterized in details
previously (Nagy and Pogany, 2000; Panavas et al., 2002a,b).minimal promoters present at the very 3′ end of the genomic
and DI RNAs (19 nt in length, termed gPR) and of the minus-
strand (11 nt in length, termed cPR) (Fig. 1A) (Nagy and
Pogany, 2000; Panavas et al., 2002a). In vivo data further
support the existence of these elements in tombusviruses and
their DI RNAs (Fabian et al., 2003). In addition, highly purified
CNV replicase from yeast showed comparable activities to the
plant-derived CNV replicase, confirming the presence of
authentic CNV replicase in these preparations (Panaviene et
al., 2004, 2005). The highly purified replicase contains the
p92pol RNA-dependent RNA polymerase, the p33 replication
co-factor and at least four host proteins (Nagy and Pogany,
2006; Rajendran and Nagy, 2006; Serva and Nagy, 2006).
Further in vivo and in vitro experiments with tombusviruses
revealed the existence of additional essential and regulatory cis-
acting elements (White and Nagy, 2004). One of these elements
is a 3′ proximal replication silencer element (RSE) in the plus-
strand, which was shown to base-pair with the initiation
sequence in gPR, resulting in down-regulation of minus-strand
synthesis in vitro (Pogany et al., 2003). In addition, the RSE–
gPR interaction is essential for tombusvirus accumulation in
vivo (Na and White, 2005; Pogany et al., 2003). The interaction
between RSE and gPR was also shown to be critical for the
assembly of the functional tombusvirus replicase complex
(Panaviene et al., 2005). Another cis-acting sequence in the
plus-strands is an internal replication element (termed p33
recognition element or p33RE), which binds to the p33
replication protein and facilitates template selection and RNA
recruitment for replication (Monkewich et al., 2005; Pogany et
al., 2005). The p33RE is also involved in the in vivo assembly
of the functional tombusvirus replicase complex (Panaviene et
al., 2005).
The minus-stranded RNA contains two replication enhancers
(RE), which stimulate plus-strand synthesis 2- to 10-fold in
vitro and replication in vivo (Panavas and Nagy, 2003a, 2005;
Panavas et al., 2003; Ray and White, 2003). These are the
promoter proximal enhancer (PPE) and a distant replication
enhancer, termed RIII(−). The RIII(−) RE was shown to bind to
the tombusvirus replication proteins in vitro and it has a 6-nt
stretch, which interacts via long-distance base-pairing with a
sequence within the cPR (Panavas and Nagy, 2003a, 2005). In
addition to the above well-defined regulatory elements, there
are more cis-acting elements within the genomic sequences,
albeit the actual functions of these elements are currently
undefined (Park et al., 2002; Qiu et al., 2001; Ray et al., 2003).
One of the long-standing questions in eukaryotic RNA virus
replication is the possible role of double-stranded (ds)RNA
replication intermediates (termed RF). These dsRNA molecules
could readily be obtained from virus-infected cells after
phenol–chloroform extraction (Buck, 1996). In addition, the
existence of dsRNA-induced antiviral signaling and host
defense pathways, and the induction of dsRNA-dependent
protein kinase PKR, RNase L, interferon and specific
chemokines (Gern et al., 2003; Russell, 2002; Malmgaard,
2004; Saunders and Barber, 2003), all support the model of
generation of dsRNA forms/intermediates during plus-strand
RNA virus replication. Moreover, transgenic expression of
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shown to confer resistance against several plant plus-stranded
RNA viruses (Watanabe et al., 1995), suggesting that dsRNAs
might be important intermediates in plus-strand RNA virus
replication. In spite of these observations, many scientists think
that the minus-strand RNA intermediates are present mostly in
single-stranded form and the dsRNA is only formed artifac-
tually during RNA isolation (due to deproteinization), or the
dsRNA forms are only dead-end products of RNA synthesis
towards the end of the infection cycles (Buck, 1996). One of the
strongest points against dsRNA intermediates is the difficulty of
viral replicases to initiate RNA synthesis on dsRNA templates
(Blumenthal and Carmichael, 1979; Kao et al., 2001). Another
popular theory is the presence of partly double-stranded and
partly single-stranded regions formed between the plus- and the
minus-stranded RNAs formed via incomplete annealing
between the complementary strands, which are called replica-
tion intermediates (RI) (Buck, 1996). RNA binding proteins
might facilitate the existence of RI-like structures in cells. Based
on the striking similarities in replication strategies, replication
factors and complexes between plus-stranded and double-
stranded RNAviruses (Ahlquist, 2006), it is plausible that RNA
replication intermediates for these groups of viruses could also
be similar. Altogether, published data support the existence of
various RNA forms, including the free minus-stranded RNA, RI
and RF forms during plus-strand RNA virus replication,
suggesting that these RNA structures could play some roles.
In this work, we have tested if partially or completely
double-stranded RNA templates could be used by the
tombusvirus replicase in vitro. Completely double-stranded
full-length defective interfering RNA-based templates were
used for RNA synthesis by the tombusvirus replicase in vitro.
Surprisingly, the efficiency of RNA synthesis on dsRNA
template was comparable to that of minus-strand synthesis on
plus-strand templates, suggesting that the replicase activity on
dsRNA templates could be relevant. Detailed analysis of the in
vitro replicase products revealed that most RNA synthesis took
place on the minus-stranded RNA component of the dsRNA.
Overall, the presented data indicate that dsRNA forms might be
functional intermediates, not replication dead-end products,
during tombusvirus replication.
Results and discussion
The CNV replicase can use dsRNA as a template for RNA
synthesis in an in vitro assay
To test if the CNV replicase partially purified from CNV
infected plants can utilize dsRNA molecules as templates for
RNA synthesis in vitro, we annealed full-length plus- and minus-
stranded DI-72 RNA transcripts (Fig. 1A) obtained by in vitro
transcription with T7 polymerase. To remove any residual ssRNA
molecules after the annealing step, we purified dsRNAmolecules
from nondenaturing polyacrylamide gels (PAGE), followed by
immediately using the dsRNA templates in in vitro CNVreplicase
assays. The standard assay included either dsRNA or comparable
amounts of (+) or (−)-stranded DI-72 RNAs as controls (Fig. 1B),whichwere used to programCNVreplicase preparation in a buffer
containing ATP, CTP and GTP as well as 32P-labeled UTP (Nagy
and Pogany, 2000; Panavas et al., 2002a,b). Denaturing PAGE
analysis of the radiolabeled replicase products revealed that the
CNVreplicase could initiate RNA synthesis on the DI-72 dsRNA
template (Fig. 1C, lane 3). The efficiency of initiation on DI-72
dsRNA template was ∼ 7% of the level of initiation on the (−)-
strand template (Fig. 1C, lane 2). However, this level of initiation
is comparable to the initiation on DI-72(+) ssRNA template (Fig.
1C, lane 1). Interestingly, the CNV replicase produced mainly
full-length products on the dsRNA template, whereas the primer
extension products (pes and pef) and the internal initiation
products (ii) were 3- to 5-fold less than the 3′-terminal initiation
product (ti, Fig. 1C). This observation is in contrast with the data
obtained with the minus-stranded DI-72 RNA template, which
gave rise to internal initiation and primer extension products that
were as abundant as the 3′-terminal initiation product (Fig. 1C,
lane 2) (Nagy and Pogany, 2000; Panavas et al., 2002b). Themore
pronounced inhibition of internal initiation and primer extension
products as compared to the 3′-terminal initiation product, as well
as the different sizes of the internal initiation products observed
with dsRNA, (+) and (−) RNA-templates (Fig. 1C) strongly
suggests that the observed RNA synthesis on the dsRNA
molecules was not due to the presence of residual ssRNA
templates in our dsRNA preparations. Moreover, the gel-purified
DI-72 dsRNA samples were ssRNase resistant in vitro (not
shown).
To compare the activity of the tombusvirus replicase and the
related Turnip crinkle carmovirus (TCV) RdRp on dsRNA
templates, we performed in vitro experiments similar to those
described above with dsRNA, (+) and (−) DI-72 RNA
templates, respectively. Previous works have shown that the
recombinant TCV RdRp (termed p88, Fig. 2A) purified from E.
coli can use TBSV DI-72-based (+) and (−)RNA templates as
efficiently as TBSVor CNV replicases in vitro (Rajendran et al.,
2002). In addition, we used an N-terminally truncated
recombinant TCV RdRp (termed p88C, Fig. 2A), which is the
most active polymerase among the tested RdRp preparations
(Rajendran et al., 2002).
The performed in vitro experiments on dsDI-72 RNA
revealed that the full-length recombinant TCV p88 RdRp
produced RNA products almost as efficiently (∼ 6% in
comparison with the free minus-stranded DI-72 RNA) as the
CNV replicase, whereas the N-terminally truncated p88C had
barely detectable level (1%) of activity on the dsDI-72 RNA
(Fig. 2C, lane 3) when compared to the activity on (−)-strand
DI-72 template (Fig. 2C, lane 1). These data demonstrate that
the CNV replicase and the TCV p88 RdRp can utilize dsRNA as
template, whereas TCV p88C is deficient in this activity. The
use of dsRNA template by the TCV p88 and p88C RdRp is
interesting because these enzymes lack helicase motifs and
these preparations are unlikely to contain cellular proteins with
helicase activity. In addition, the low level of activity of p88C
on dsRNA excludes that significant amounts of residual ssRNA
molecules were present in our dsRNA preparations, because
p88C is the most active RdRp on DI-72(−) ssRNA template
among the available tombus- and carmovirus RdRps (Rajendran
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plants, which contains p92pol and ∼ 10-fold higher amount of
p33 replication protein, is the most active on DI-72 dsRNA
template among the polymerases tested in this work.
To demonstrate that the activity of the viral RdRp on the
dsRNA template is not due to terminal transferase activity
present in the TCV RdRp preparations, we treated the dsRNA
product obtained with p88C with S1 nuclease. The obtainedresults (Fig. 2C, lanes 3–4) confirmed that the TCV 88C
RdRp product on dsRNA template was not due to terminal
transferase activity. Similar experiments with the CNV
replicase preparation (which does not have detectable terminal
transferase activity, not shown) showed that the replicase
product made on dsRNA template was also S1 nuclease
insensitive (not shown).
To further demonstrate that the activity of the viral RdRp on
the dsRNA template is not due to ssRNA contamination, we cut
the portion of the nondenaturing gel containing the dsRNA and
comparable portion of the gel when DI-72 (+) and (−) ssRNA
was loaded. The isolated samples were then used in standard
RdRp reaction with p88C (Fig. 2C, lanes 1–3). We only
detected RdRp products in gel-isolated samples obtained in case
of dsRNA, but not in case of ssRNA loadings (Fig. 2C, lanes 1–
3), suggesting that ssRNA did not migrate to the same portion of
the gel as the dsRNA. In addition, we also tested the activity of
p88C RdRp on mixed dsRNA and (−) ssRNA templates to
examine if possible ssRNA contamination in the dsRNA sample
could be detected. This approach was based on the observation
that p88C produces “ti”, “pes” and “ii” products on DI-72(−)
RNA, “pes” products on DI-72(+) RNA, whereas p88C mainly
produces “ti” product on dsDI-72 RNA template (Fig. 2D, lanes
1–3). The standard p88C RdRp experiments revealed that
ssRNA-specific products could be easily detected in the DI-72
(−) RNA/dsDI-72 RNA mixture, even when the ssRNA was
diluted (Fig. 2D, lanes 4–9). Because we did not detect “pes”
and “ii” products with dsDI-72 RNA in assays performed with
p88C, but we detected these products performed with the mixedFig. 2. Comparison of the ability of CNV replicase to use dsRNA template with
the recombinant TCV RdRps. (A) Schematic representation of the CNV and
TCV replicase proteins. The recombinant TCV p88 and p88C have RdRp
activity in vitro (Rajendran et al., 2002). Note that p88C has been made
artificially by deleting the pre-readthrough domain in p88 (Rajendran et al.,
2002). (B) Schematic presentation of the ssRNA and dsRNA templates used to
program the replicase/RdRp preparations in vitro. Representative denaturing
gels of radiolabeled RNA products synthesized by in vitro transcription with
either CNV replicase, TCV p88 or TCV p88C RdRps are shown. The dsRNA
templates were gel isolated after annealing of plus- and minus-stranded RNAs
(in 1:1 ratio), and they were used in equal molar amounts. The level of RNA
synthesis was compared to that of the free minus-stranded DI-72 RNA (100%).
Each experiment was repeated twice. (C) Free contaminating ssRNA is not
present in the dsRNA-containing area of the nondenaturing gel. During gel
isolation of the dsDI-72 RNA, we also loaded free DI-72(+) and DI-72(−)
ssRNA in separate lanes, followed by cutting the area of the gel, which
contained the dsDI-72 RNA. Then, standard RdRp assay with TCV p88C was
performed and the RdRp products were analyzed in a denaturing RNA gel. Note
the lack of RdRp products in lanes from RdRp assays programmed with
“contaminating” ssRNA from DI-72(+) and DI-72(−), suggesting that ssRNA
does not co-migrate with dsRNA in nondenaturing gel. The ssRNA in lane 4 was
treated with S1 nuclease to exclude terminal transferase-based labeling of dsDI-
72, which might be present in the affinity-purified p88C preparation. The other
samples were not treated with S1 nuclease. (D) Lack of detectable DI-72(−)
ssRNA contamination in dsDI-72-programmed TCV p88C RdRp samples.
Samples in lanes 1 and 4–9 are from p88C RdRp assay (total of 3 μg purified
recombinant p88C per assay), which contained total of 1 μg dsDI-72 RNA in
50 μl RdRp assay, whereas samples in lanes 2 and 3 contained 1 μg DI-72
ssRNA as shown. In addition, samples in lanes 4–9 contained 0.008, 0.016,
0.031, 0.062, 0.125, 0.250 μg DI-72(−) RNA, respectively. The various RdRp
products (“ti”, “ii”, and “pes”) are marked. See Fig. 1C for further details.
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gel-isolated dsRNA samples did not contain detectable amount
of ssRNA contamination.
dsRNA is used as a template for plus-strand RNA synthesis by
the CNV replicase
The above experiments did not identify the polarity of the
synthesized RNA products, which could be either plus- or
minus-stranded (or both) due to the presence of promoter
sequences in both the plus- and minus-stranded RNAs within
the dsRNA template (Fig. 1A). To address this question, we
deleted either 5′ or the 3′ sequences from the plus-strand RNA
portion of the dsRNA template, which is predicted to enhance
plus-strand initiation and to inhibit minus-strand initiation,
respectively. This is because the 5′ deletion should “open up”
the structure around the cPR plus-strand initiation promoter
(construct 5′Δ69, Fig. 3A), whereas the 3′ deletion removes
gPR minus-strand initiation promoter (construct 3′Δ30, Fig.
3A). The above deletions also shorten the plus-strand template
only, thus making the separation of the newly synthesized plus-
and/or minus-stranded RNA products possible. This should
facilitate the demonstration of which strand(s) of the dsRNA
was used as a template by the CNV replicase. These
experiments defined that the 5′ and the 3′ deletions in the
plus-stranded RNA portion of the dsRNA templates resulted in
∼ 10-fold increase (lane 4) and no change (lane 5), respectively,
in RNA synthesis when compared to that on the fully double-
stranded template (dsDI-72, lane 3, Fig. 3B). These results are
consistent with the involvement of dsRNA template in plus-
strand RNA synthesis because “opening” of the cPR region
within the minus-strand RNA portion in construct 5′ Δ69
stimulated RNA synthesis, whereas removal of gPR in construct
3′ Δ30 did not interfere with RNA synthesis.
Even more importantly, the sizes of the radiolabeled products
obtained with constructs 5′ Δ69 and 3′ Δ30 were the same as
that obtained with the full-length dsDI-72 RNA, firmlyFig. 3. Preferred use of minus-stranded template in the dsRNA for RNA
synthesis by the CNV replicase and the recombinant TCV RdRps. (A)
Schematic presentation of the partial dsRNA templates used to program the
replicase/RdRp preparations in vitro. Deletions and mutations introduced to the
plus-strand portion of the dsRNA templates are indicated. (B) Representative
denaturing gels of radiolabeled RNA products synthesized by in vitro
transcription with either CNV replicase, TCV p88 or TCV p88C RdRps are
shown. The dsRNA templates were gel isolated after annealing of plus- and
minus-stranded RNAs (in 1:1 ratio), and they were used in equal molar amounts.
The level of RNA synthesis was compared to that of dsDI-72 RNA (100%).
Each experiment was repeated twice. (C) Deletion of short 3′ sequence,
including cPR, in the minus-strand template inhibited RNA synthesis on dsDI-
72(−) RNA by the TCV p88C RdRp. Top: the partial dsRNA template missing
98 nt from the 3′ end of DI-72(−) RNA used is shown schematically. Bottom: a
representative denaturing gel of p88C RdRp products (after S1 nuclease
treatment) obtained using either dsDI-72 (lane 3) or dsDI-72(−3′Δ98) (lane 8).
The MW represents DI-72(+) transcript as a size marker. The de novo generated
template-sized product (“ti”) and the internal initiation product (“ii”) are marked
with arrows. Note the lack of DI-72-sized product in dsDI-72(−3′Δ98)
containing assay, suggesting the lack of initiation from the intact gPR promoter
(black arrow head). This observation is consistent with the model that dsDI-72
RNA is primarily used for plus-strand synthesis.establishing that the minus-stranded RNA was used by the
CNV replicase as a template in the dsRNA. These data with
construct 3′ Δ30 and 5′ Δ69 are inconsistent with the model
that the plus-stranded sequence in dsDI-72 was used as a
template. This is because the efficiency of initiation should be
the same on dsDI-72 and 5′Δ69 due to the identical sequences/
structure around gPR in these RNAs if the plus-strand is used as
template, whereas the size of the RdRp product should be
shorter in case of 5′ Δ69 than for dsDI-72 RNA. If initiation
occurs on the minus-strand, then construct 3′ Δ30 should
support RNA synthesis at similar efficiency with dsDI-72 RNA
and the sizes of the RdRp products should be identical because
sequences/structure around cPR in these RNAs were identical.
The obtained data in the above experiments are consistent with
the model that the minus-strand RNA is used as a template in
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inconsistent with the use of the plus-strand RNA as a template
when it is part of a dsRNA structure.
To further test the polarity of initiation on dsRNA templates,
we constructed dsDI-72(−3′Δ98), which contained the same
complete dsRNA structure around the gPR promoter as in dsDI-
72 RNA (construct 8, Fig. 3C). However, cPR and additional 3′
sequences were deleted from the minus-stranded RNA portion
of dsDI-72(−3′Δ98) to interfere with initiation on the minus-
strand. Standard RdRp assay with p88C demonstrated that
dsDI-72(−3′Δ98), unlike dsDI-72 RNA, did not produce DI-
72-sized RdRp product (Fig. 3C, lane 8). Because the
sequences/structure around gPR in dsDI-72(−3′Δ98) and
dsDI-72 RNA were identical, they should have resulted in
similar-sized RdRp products in comparable amounts if initiation
took place on the plus-strand RNA. Based on all the above data,
we conclude that the minus-stranded RNA is the favored
template in dsDI-72 RNA, whereas the plus-strand is used
inefficiently as a template when it is part of a dsRNA structure.
The surprisingly efficient RNA synthesis with construct
5′Δ69 (67% of that of the free minus-strand DI-72 RNA
template) suggests that the CNV replicase is a powerful
polymerase capable of efficient unwinding of the partially
double-stranded structure (∼ 550 bp in length) during RNA
synthesis. The ability of the RdRp to unwind partial dsRNA
structure is further strengthened by the data obtained with TCV
p88C, which synthesized 91-fold more products than on dsDI-
72 RNA template (lane 4, Fig. 3B). Interestingly, the amount of
3′-terminally initiated RNA product obtained with the partially
double-stranded construct 5′Δ69 was as high as the
corresponding RdRp product generated with the free minus-
stranded template (Fig. 2B), suggesting that initiation on the
templates rather than unwinding dsRNA structures is the rate
limiting step during RNA synthesis. The activity of the TCV
p88 was the weakest with construct 5′Δ69 (22.8% of that
obtained with the free DI-72(−) RNA) among the three
polymerases tested, but this level of activity is still ~ 4-fold
higher than on the complete dsRNA template (dsDI-72, lane 3,
Fig. 3B). Overall, these data are consistent with the existence of
a strong unwinding activity in the CNV replicase and the TCV
RdRps during strand elongation.
Altogether, the above data support the model that the “free”
p33 within the CNV replicase complex and the N-terminal
portion of TCV p88 (which has sequence identical with TCV
p28 that is predicted to be functionally homologous with the
CNV p33, Fig. 2A) might be involved in opening the dsRNA
structure prior to initiation of RNA synthesis. In contrast, p88C
lacking the N-terminal pre-readthrough domain might have only
poor dsRNA opening/unwinding activity prior to initiation.
The effect of the RNA structure around the plus-strand
initiation promoter on RNA synthesis on dsRNA templates
The above experiments indicated that complete dsRNA
template (dsDI-72, Figs. 3A–B) is used far less efficiently than
the partially double-stranded RNA template with “open”
structure around the cPR promoter (construct 5′Δ69), suggest-ing that initiation from the cPR promoter in the dsRNA template
is the limiting factor in RNA synthesis. Moreover, initiation
from the cPR promoter is likely affected by the ability of the
CNV replicase to open the dsRNA structure in the template.
Therefore, we have tested the role of RNA structure around the
cPR promoter on the efficiency of RNA synthesis by the CNV
replicase. Creation of a 6 nt-long open loop structure between the
5′ end of the plus-strand and the cPR sequence by introduction of
mismatch mutations on the plus-strand sequence (to leave the
cPR sequence unchanged to support initiation of plus-strand
synthesis) enhanced RNA synthesis by 3-fold (construct 5′m3–
8, lane 6, Fig. 3B). This suggests that the CNV replicase could
open the 3′ end easier in the vicinity of a loop region than a fully
double-stranded 3′ end. On the contrary, the same structure did
not enhance the initiation of RNA synthesis by the TCV p88C
and p88 RdRps (Fig. 3B), suggesting that these RdRps favors
unbasepaired 3′ end sequences.
Construct 5′Δ11 with a nonbase-paired cPR (lane 7, Figs.
3A–B) supported RNA synthesis by the CNV replicase only 2-
fold better than the completely base-paired dsDI-72 construct
(lane 3, Fig. 3B). The relatively inefficient initiation on
construct 5′Δ11 is likely due to the formation of a less-favored
hairpin structure that embeds the very 3′-terminal end. An
embedded 3′ end also inhibited initiation when formed on the
free minus-strand (Panavas et al., 2002a). Interestingly, the
TCV RdRps were only as active with this construct as with the
fully double-stranded DI-72 RNA, suggesting that opening this
hairpin structure to gain access to the 3′ initiation sequence is
difficult for the TCV RdRp.
To further test the effect of nonbase-paired sequences on the
efficiency of initiation by the CNV replicase on partially dsRNA
templates, wemade a series of 5′ end deletions, extending from 5
to 69 nt on the plus-stranded RNA (Fig. 4A). Comparison of the
CNV replicase activity revealed that as short as 5 and 9 nt open
structures (constructs 5′Δ5 and 5′Δ9, Fig. 4A), which included
the cPR at the 3′ end, enhanced RNA synthesis by ∼ 2.5- to 5-
fold when compared to the dsDI-72 RNA (lanes 32 and 33, Fig.
4B). Further opening of the 3′ end on the minus-strand had
variable effects on RNA synthesis (Fig. 4B), likely due to the
self-folding of the free minus-strand region, which could alter
the accessibility of cPR for initiation of RNA synthesis, similar
to that described for 5′Δ11 (Fig. 3B). Nevertheless, constructs
with the longer “free” 3′ terminal minus-strands usually
supported RNA synthesis more efficiently, further supporting
our finding that the CNV replicase generally favors the
accessible cPR for initiation/RNA synthesis.
The effect of short extra nucleotides around the plus-strand
initiation promoter on RNA synthesis with dsRNA templates.
To test if extra nonviral sequences could affect initiation, we
added four Cs to the 5′ end of DI-72(+), which thus formed a 5′
overhang as shown in Fig. 5A (construct 5′+4C). The second
construct contained four extra Gs that formed a 3′ overhang at
the 3′ end of DI-72(−) (construct 3′+4G, Fig. 5A). Both of these
constructs showed slightly increased template activity (by ∼ 90
and 50%, respectively, lanes 42 and 43, Fig. 5B), suggesting
Fig. 5. The effect of strengthening dsRNA structure around the cPR sequence on
the use of dsRNA templates by the CNV replicase in vitro. (A) Schematic
presentation of the dsRNA templates used to program the CNV replicase
preparation in vitro. The extra, nonviral sequences are indicated. (B)
Representative denaturing gel of radiolabeled RNA products synthesized by
in vitro transcription with CNV replicase is shown. See further details in the
legend to Fig. 2.
Fig. 4. The effect of opening the cPR sequence by deletion on the use of dsRNA
templates by the CNV replicase in vitro. (A) Schematic presentation of the dsRNA
templates used to program the CNV replicase preparation in vitro. The length of
deletions from the 5′ end of plus-strands is indicated. (B) Representative
denaturing gel of radiolabeled RNA products synthesized by in vitro transcription
with CNV replicase is shown. See further details in the legend to Fig. 2.
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for initiation by the CNV replicase. Combination of the 5′ and
3′ extra sequences in construct +4C/+4G (Fig. 5A) created a
base paired “clamp” region behind the cPR. This clamp
inhibited RNA synthesis by 2.5-fold when compared to
construct 5′+4C (lane 44 versus lane 42, Fig. 5B), suggesting
that 3′ double-stranded sequences limited the accessibility of
cPR for the CNV replicase.
To examine the effect of base-pairing of the initiation
sequence on RNA synthesis, we modified the dsRNA structure
of the template, which included the two 3′-terminal Cs in the
cPR sequence in dsDI-72 (Fig 6A). We have tested two different
cPR sequences: the first contained two 3′-terminal Cs, which is
present in the infectious transcripts used to start infections under
laboratory conditions. The second contained UC sequence at the
3′ terminus, which represents the authentic end of the
replicating TBSV RNA (Panavas and Nagy, 2003b). Interest-
ingly, the wt 3′-UC sequence (construct A/U, Fig. 6A) made the
dsRNA 25% better template (lane 56, Fig. 6B) than the 3′
terminal CC sequence present in the infectious transcripts
(construct dsDI-72, lane 52, Fig. 6B). The observed difference
in RNA synthesis, which slightly favors the wt sequence, might
explain why the DI-72 RNA carrying the wt sequence can
slowly overtake the progeny of the infectious transcripts during
infections (Panavas and Nagy, 2003b).Fig. 6. Comparison of plus-strand initiation sequence in the TBSV transcripts
with the natural initiation sequence on the use of dsRNA templates by the CNV
replicase in vitro. (A) Schematic presentation of the dsRNA templates used to
program the CNV replicase preparation in vitro. Note that the in vitro transcripts
used for inoculation of plants contain GG at the 5′-terminus, whereas the natural
5′ end consists of AG sequence. The two types of initiation sequences on the
minus-strand and its counterpart on the 5′ end of plus-strands are shown. (B)
Representative denaturing gel of radiolabeled RNA products synthesized in
vitro with CNV replicase is shown. See further details in the legend to Fig. 2.
Table 1
The presence of AU-rich sequences at the 3′ end of RNA viruses
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the plus-strand or the 3′ end of the minus-strand enhanced RNA
synthesis by ∼ 1.5- to 3-fold (constructs of Fig. 6A),
demonstrating that weaker interactions within the 3′ terminal
region embedding cPR are advantageous during initiation by
the CNV replicase. Altogether, the RNA structure involving the
3′ end of the minus-strand (that includes cPR) has significant
affect on initiation of RNA synthesis by the CNV replicase on
dsRNA templates.
The RIII(−) replication enhancer facilitates RNA synthesis on
dsRNA templates
RIII(−) sequence in the minus-stranded DI-72 and the
genomic RNA serves as a strong replication enhancer (REN)
(Panavas and Nagy, 2003a; Ray and White, 2003). To test if
single-stranded RIII(−) can also facilitate initiation on partially
dsRNA template, we made construct dsDI-72ΔRIII(+) (lane 72,
Fig. 7). The template activity of construct dsDI-72ΔRIII(+) was
∼ 2.5-fold higher than the fully double-stranded DI-72
construct (lane 71), suggesting that RIII(−) could act as an
REN element if present as a single-stranded sequence. The level
of enhancement by RIII(−) on partially dsRNA template [dsDI-
72ΔRIII(+)] was much lower than on free minus-stranded
template (∼ 10-fold enhancement). This might be due to the
lack of base-pairing mediated interaction between RIII(−) and
the cPR promoter sequence, which has been shown to
contribute to enhanced RNA synthesis (Panavas and Nagy,
2005). In contrast to RIII(−), single-stranded RII(−) and RIV(−)
[constructs dsDI-72ΔRII(+) and dsDI-72ΔRIV(+), lanes 73The 3′-terminal sequences of the minus-stranded RNAs are shown in 3′- to 5′-
direction. AU-rich stretches that are four nucleotides or longer are boxed.
Fig. 7. Enhancement of RNA synthesis through the single-stranded RIII(−) REN
on dsRNA template by the CNV replicase in vitro. Top: schematic presentation
of the partial dsRNA templates used to program the CNV replicase preparation
in vitro. Bottom: representative denaturing gel of radiolabeled RNA products
synthesized in vitro with CNV replicase is shown. See further details in the
legend to Fig. 2.and 74, Fig. 7] did not change the template activity of dsRNA in
vitro.
A model on the role of dsRNA in tombusvirus replication
Why does the CNV replicase use dsRNA template mainly for
plus-strand synthesis in vitro? The most likely reason is the AU-
rich nature of the cPR region, which could facilitate the opening
of the corresponding end of the dsRNA. Indeed, mutations that
made the 3′ end containing cPR less stable increased RNA
synthesis markedly (see construct 5′m3–8, Fig. 3; and those in
Figs. 4–6). This is a very intriguing observation, because
numerous RNA viruses, including dsRNA viruses, contain AU-
rich stretches only within the 3′ ends of the minus-strand (Table
1), but not at the 3′ end of plus-strand (not shown). Moreover,
mutagenesis of the A/U-rich portion of the BMV genomic
promoter (present at the 3′ end of the minus-strand) inhibited
BMV RNA replication in plant protoplasts, comfirming an
important role for the A/U-rich region (Hema and Kao, 2004).
Therefore, it is possible that one end of the dsRNA, which
includes the plus-strand initiation promoter, is less stable
thermodynamically than the other end, thus facilitating the
selective opening of the less stable AU-rich end for initiation of
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formation of dsRNA could be a way for plus-stranded RNA
viruses to selectively inhibit minus-strand synthesis via
sequestering the original plus-strands into dsRNA forms. The
formation of dsRNA, however, would not completely inhibit
plus-strand synthesis, allowing the continued production of
plus-stranded RNA progeny. It is possible that some unknown
host factors lost during CNV purification might further
contribute to selective plus-strand synthesis on dsRNA
templates. It is also worth noting that the AU-rich sequences
shown in Table 1 maybe reflective of translational preferences
for less stable secondary structure in the plus-stranded RNA.
However, noncoding satellite RNAs, such as the TBSV-
associated sat RNA B1 and B10 (Table 1) and the TCV-
associated satC (Table 1) and satD, also contain AU-rich
sequences at the 3′ end of minus-strand, arguing for a role in
replication.
The above in vitro data with various complete or partial
dsRNA templates in a CNV replicase assay opened up the
possibility that dsRNA intermediates might play some roles in
tombusvirus replication, instead of being exclusively dead-end
products of replication. Based on our in vitro data, we propose
that the putative dsRNA intermediate might have two
alternative structures within the AU-rich portion of the cPR
region (Fig. 8). The completely base-paired (“closed”) form ofFig. 8. A model on the possible role of dsRNA intermediate in tombusvirus replic
replication. After the minus-strand synthesis by the CNV RC (Step 1), it is possible tha
2A) or as part of a dsRNA intermediate (Step 2B). We propose that “breathing” of one
the open end, followed by initiation of plus-strand synthesis (bottom). The proposed
rich stretch as shown. After initiation, the tombusvirus RC might efficiently unwind t
in Fig. 3. See further details in the text.the dsRNA intermediate might be able to switch to a partially
nonbase-paired (“open”) form due to the weak interactions
within the AU-rich stretch as shown in Fig. 8. The proposed
“breathing” of the respective end of the double-stranded RNA
would then allow the CNV RC to bind to the open form,
followed by initiation of plus-strand synthesis. Efficient
unwinding of the remaining part of the dsRNA template
might be driven by the polymerization performed by the RdRp
(Fig. 2). We propose that the “breathing” of the other end of the
double-strand RNA close to the gPR minus-strand promoter is
less likely due to more stable base-pairing (Fig. 8). It is possible
that the CNV replicase or an associated protein might work even
more efficiently on dsRNA templates in the natural intracellular
environment (in the presence of cellular membranes and less
diluted solutions than in the test tube) in comparison with the in
vitro environment tested in this work. In summary, the proposed
preference for plus-strand initiation on dsRNA templates would
allow the CNV RC to synthesize more plus-strands than minus-
strands.
There are several intriguing findings obtained with the
dsRNA template that might explain in vivo observations. First,
the CNV replicase utilized mainly the minus-strand portion of
the dsRNA as template for RNA synthesis. Second, the most
abundant product obtained with the dsRNA template was the 3′-
terminal initiation product, whereas the free minus-strand RNAation. We predict a dynamic role for the minus-stranded RNA in tombusvirus
t the minus-stranded RNA intermediate could be present in either free form (Step
of the ends of the double-strand RNA could facilitate binding of the CNV RC to
breathing of one end of the dsRNA intermediate might be facilitated by an AU-
he remaining part of the dsRNA template during RNA synthesis as demonstrated
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internal initiation and 3′-terminal (primer) extension products.
The latter two products, in contrast with the 3′ terminal
initiation product, are hard to detect in natural tombusvirus
infections containing DI-72 RNA and their role, if any, is a
mystery. Thus, the presence of dsRNA could explain the
synthesis of mostly full-length products by the CNV replicase.
Third, the formation of dsRNA products during tombusvirus
replication could serve as a switch from minus-strand synthesis
to the plus-strand synthesis.
In addition to the above in vitro data, several published
observations also support a possible role for dsRNA structures/
forms in tombusvirus replication. For example, making the 5′
end of the plus-stranded DI RNA GC-rich, which could render
the putative dsRNA intermediate close to the plus-strand
initiation site “locked” into stable dsRNA structure, completely
inhibited DI RNA replication in plant cells (Lin and White,
2004). Also, short 5′ extensions of the plus-stranded DI RNA,
which could bury the plus-strand initiation site into more stable
dsRNA structure, strongly inhibited DI RNA replication in vivo
(Lin and White, 2004). The occurrence of dsRNA has been
detected by anti-dsRNA antibody in peroxisome-derived
multivesicular bodies (MVBs), the site of replication in plants
(McCartney et al., 2005). This observation supports the
existence of dsRNA intermediate, or at least a partially
dsRNA form, in natural infections.
Not all the observations support the functional relevance of
dsRNA template for plus-strand synthesis in tombusviruses. For
example, the formation of dsRNA does inhibit plus-strand
synthesis by more than 15-fold when compared to the free
minus-strand RNA (Fig. 1). In addition, microscopy-based
methods detected the presence of free (partially or completely)
minus-strand RNAs in yeast cells replicating a tombusvirus
RNA (Panavas et al., 2005). Therefore, it is possible that both
free minus-stranded RNA and fully or partially double-stranded
RNAs play some roles in tombusvirus replication (Fig. 8).
Dynamic and rapid changes among various RNA structures/
forms could regulate the level and polarity of RNA synthesis
during replication. Regardless of the actual form(s) of
replication intermediates, this work has opened up the
possibility that dsRNA forms are more than just dead-end
products of successful tombusviral infections.
Materials and methods
CNV replicase preparation
To obtain partially-purified CNV replicase, we inoculated
Nicotiana benthamiana plants with CNV genomic RNA
transcripts obtained by standard T7 RNA transcription using
SmaI cut clone of pK2/M5p20STOP for CNV (Rochon,
1991). CNV replicase preparations were obtained from
systemically infected leaves as described (Nagy and Pogany,
2000).
In vitro replicase assay. First, single-stranded RNA
templates were obtained by in vitro transcription reaction with
T7 RNA polymerase using PCR amplified DNA templates(Panavas and Nagy, 2005; Panavas et al., 2002b). Second, to
make the completely or partly double-stranded constructs, we
annealed the heat denatured RNA transcripts (94 °C for 2 min)
in STE buffer (10 mM TRIS, pH 8.0, 1 mM EDTA, and
100 mM NaCl) and then slowly (in 30 min) cooled them to
25 °C (Panavas and Nagy, 2005). Then, the annealed RNAs
were loaded onto 5% nondenaturing polyacrylamide gels. After
electrophoresis, the gels were stained with ethidium bromide
and the annealed RNA bands were excised. The annealed RNAs
were eluted into 0.6 M ammonium acetate, followed by phenol/
chloroform extraction and ethanol precipitation. Replicase
reactions (50 μl) were carried out as previously described
(Panavas and Nagy, 2005). Each replicase reaction contained
0.2 μg of template RNA. The replicase products were analyzed
on a 20 cm long denaturing 5% PAGE/8 M urea gels, followed
by analysis with a phosphorimager as described (Nagy and
Pogany, 2000).
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